1975.-The effects of a metabolic and respiratory acidosis and alkalosis on intracellular pH (pHi) and K+ have been compared in cardiac and skeletal muscle from the anesthetized rabbit. The extracellular space and pHi were calculated from the distribution volumes of [51Cr] EDTA and [14C]DM0, respectively. When pH, was varied by altering Pco~, the slope of the line relating pHi to the extracellular pH (pHe) was greater (P < 0.05-0.001) than that obtained during metabolic changes of pH, in right and left ventricles, atria, diaphragm, and quadriceps. During metabolic acidosis and alkalosis, the slope of pHi/pH, line did not vary between tissues. During respiratory acidosis, there was no difference in slope between cardiac tissues, but it was less in left ventricle than quadriceps (P < 0.001). In left ventricle intracellular K+ increased in a metabolic (P < 0.05) or respiratory acidosis (P < 0.02), whereas in diaphragm it decreased (P < 0.02). Intracellular K+ correlated with pH, and pH,-pHi. Changes in pHi but not intracellular K+ could explain known differences in myocardial function in respiratory and metabolic acidosis.
of extracellular pH (pH,), resulting from a respiratory or metabolic acidosis or alkalosis, on intracellular pH (pH i) or potassium (K+) has not been systematically studied in the heart. Several reports of functional changes in cardiac muscle during an acidosis (8, 20, 21, 26) have demonstrated a markedly greater reduction in contractility following a respiratory than a metabolic acidosis. To account for these findings, it has been suggested that pHi is an important controlling factor of cardiac function and falls more during a respiratory than a metabolic acidosis ( 10, 26). Though pHi has been measured during a respiratory acidosis in the heart (2, 4, 9, 15, 23), there has not been a direct comparison of pHi in metabolic and respiratory acid-base disturbances in muscle from each of the cardiac chambers of a mammal in vivo.
The mechanism of the depressant action of an acidosis on the heart is not clear, but it has been proposed that it is related to intracellular electrolyte changes (3), which are known to be able to modify cardiac function (17). In skeletal muscle during an acidosis, there is a loss of K+ from the cell ( 1, 14 After intravenous injection of the isotopes, 60 min were allowed for the isotopes to equilibrate before the animal was sacrificed and the tissues removed. This period of time has been shown to be sufhcient for [51Cr]EDTA (see previous paper) and DMO (31) to achieve equilibrium. The pH, was assumed to be that of blood obtained directly from the right ventricle immediately before the heart was excised. The pHi was calculated by the method of Waddell and Butler (31).
After the surgery was completed, the experiment was not started for 45 min; during this time arterial pH and PCO~ were either maintained at normal values (control experiments) or were adjusted to the desired values before the injection of the isotopes. A respiratory acidosis was produced by ventilating the rabbit with gas mixtures containing 5-20 % CO:! and a respiratory alkalosis by passive hyperventilation.
A metabolic acidosis was induced by the intravenous infusion of 0.3 N HCl. During the initial 45-min period, 20-60 ml of 0.3 N HCl were infused to produce the desired pH change; during the 60 min of isotopic equilibration, arterial pH was maintained approximately constant at the new level by continuing the infusion. Generally, a further 5-10 ml of 0.3 N HCl were required.
A metabolic alkalosis was produced by the infusion of 50-150 ml of 0.3 N NaHC03 over the same time periods. During a metabolic acidosis or alkalosis, arterial PCO~ was maintained approxi- pH, (I = 91, P < 0.001). No significant change was observed in the plasma sodium (Na+) concentration, but the chloride (Cl-) concentration increased (P < 0.01). In seven experiments in which a metabolic alkalosis was induced, the plasma Na+ rose from a control value of 139 A 1 to 148 & 5 mM. There was no significant change in K+ or Cl-concentrations.
Intracellular PH. In Fig. 1 , pHi is plotted against pH, for muscle from the left ventricle and quadriceps during both a metabolic and respiratory acidosis and alkalosis. The 17 control experiments included 7 in which the isotopic equilibration time was 120 min and 10 in which it was 60 min. There was no significant difference in the calculated pHi of any tissue in the two groups. The slopes of the regression lines may be regarded as a measure of the control of pHi (see METHODS). In a respiratory acidosis and alkalosis, the slope was less in the left (P < 0.001) and rig'ht (P < 0.05) ventricles than in the quadriceps; the slope in the left ventricle was less than in the diaphragm (P < 0.05).
control experiments were evaluated alone, an increase of K+ content with respect to pH, occurred during both respiratory (P < 0.05) and metabolic (P < 0.02) acidosis. Similar results were found in the right ventricle and atria. In the quadriceps K+ content was unaffected by changes of pH,, but in the diaphragm there was a decrease of the K+ content as the pH gradient decreased during a metabolic acidosis (Fig. 3) though a small increase of the ECS occurred in the left ventricle (ECS = 57.5 -4.7 pH,, r = 0.47, P < 0.01) and diaphragm (P < 0.02) d uring a metabolic acidosis only. The intracellular Na+ content or concentration did not alter during respiratory acid-base changes in any tissue studied. During a metabolic acidosis, a reduction of Na+ content occurred in the left ventricle (P < 0.02) and in the diaphragm (P < 0.02).
DISCUSSION
The important conclusions which can be drawn from these experiments are as follows : I) the relationship between pHi and pH, is similar in cardiac and skeletal muscle during a metabolic acidosis. During a respiratory acidosis, the fall of pHi in the left ventricle is slightly less than in the diaphragm but much less than in the quadriceps muscle for a given change of pH,. 3) Over the duration of these experiments, which was approximately 105 min, the fall of pHi in any of the tissues studied is considerably greater in a respiratory rather than a metabolic acidosis for the same change of pH,. 3) In vivo, the K+ content and concentration of the left ventricle increase during both a respiratory and metabolic acidosis. The change is best related to the pH gradient across the cell membrane.
In a metabolic acidosis, a loss of Na+ is apparent.
In diaphragm, but not in quadriceps, K+ content changes in the opposite direction during a metabolic acidosis, that is, it decreases as the pH gradient decreases. The pHi in tissue from experimental animals subjected to acid-base disturbances may be affected by intracellular physicochemical buffering, the activity of a possible hydrogen ion pump, altered cell metabolism, and renal excretion. The latter mechanism was excluded in the present experiments by nephrectomy.
If the remaining three mechanisms contribute to the control of pHi, they would be unlikely to have the same pH sensitivity and time course of response. The control of pHi would be expected and indeed does vary with time (15). The time period of the present experiments, approximately 105 min, has been shown to be sufficient in the brain for only a small contribution to the control of pHi from either a hydrogen ion pump or metabolism (24). In cardiac muscle no evidence is available, with a single exception (15 ; see below).
The present experiments gave slopes for the lines relating pHi to pH, in the left ventricle of 0.70 during respiratory and 0.43 during metabolic disturbances of acid-base balance. Previous workers have indicated values for the left ventricle in vivo, in a respiratory acidosis of 0.47 (23) and 0.15 (15) in rat and 0.48 (9) in dog, using the DMO method to determine pHi. Using the CO2 method in a respiratory acidosis in vivo, values of 1 .O in dog (2) and 1.2 (4) in frog have been obtained.
There are no reports of measurements in vivo in mammalian heart during a metabolic acidosis. In skeletal muscle in vivo, using the DMO method the slope of the line in a respiratory acidosis has been found to vary between 0.64 and 0.9 1 (5, 9, 3 1) and in a metabolic acidosis to be 0.22 (5). I n a respiratory acidosis using the CO2 method, higher values have been reported (5, 15).
The slope of pHi plotted against pH, in a respiratory acidosis was less in cardiac muscle than in skeletal muscle in the study of Clancy and Brown (9). They attributed a considerably greater buffering capacity during a respiratory acidosis to cardiac than skeletal muscle. In the present experiments, a significant difference (2' < 0.00 1) was present between left ventricle and the quadriceps (P < 0.001, Fig.  1 ) and between the left ventricle and the diaphragm (P < 0.05). No differences could be detected during a metabolic acidosis between any of the tissues studied. There are two possible explanations for the present findings. First, it has recently been suggested that a hydrogen ion pump is more active in cardiac than skeletal muscle, thus accounting for the difference in the control of pH in the two tissues in a respiratory acidosis (16). Second, the diffusibility of CO2 may allow access to an intracellular compartment, which is not available over the period of time used in these experiments, to the less diffusible hydrogen ion in a metabolic acidosis and which is of a different size in left ventricle and quadriceps.
A possible anatomical site for such a compartment would be the mitochondria, which are known to be more plentiful in cardiac than skeletal muscle ( 1 1 The control of pHi in cardiac and skeletal muscle was greater in a metabolic than in a respiratory acidosis; similar findings have been made by others ( 1). The suggestion ( 10, 26) that the greater fall in pHi during a respiratory acidosis may account for the greater decline in cardiac function compared to a metabolic acidosis is, therefore, supported by these results in all chambers of the heart. The precise mechanism by which pHi alters cardiac function is unknown.
During a respiratory acidosis in the present experiments, the plasma K+ did not rise. A similar lack of response has been found in the cat and was considered to be a species difference from the dog ( 12). In the dog plasma K+ rises and K+ is lost from skeletal muscle during a respiratory acidosis (30); the changes in plasma electrolytes were much greater than those in the current experiments where no change in intracellular electrolytes could be demonstrated in the quadriceps. During a metabolic acidosis, a decrease in intracellular K+ was found as the pH gradient decreased in diaphragmatic muscle, but this was not so in the quadriceps. The diaphragm unlike the quadriceps was being passively stretched during ventilation ; a greater movement of K+ out of skeletal muscle has shown to occur when muscle is actively stimulated (14). In cardiac muscle the K+ content and concentration increased as pH, fell during both a respiratory and metabolic acidosis (Fig. Z) , but the correlation was weak. An improved correlation existed between K+ content and the pH gradient (Fig. 2) . Previous authors have shown by direct tissue measurement that during a respiratory acidosis the K+ content of cardiac muscle increased (28, 32). The measurement of K+ redistribution by A-V differences also suggests an uptake during a respiratory acidosis (14, 18, 27). The increase in K+ content of cardiac muscle in vivo during a metabolic acidosis has not been previously reported and was accompanied by a decrease in Na+ con tent.
The mechanism of these changes is not clear. Mithoefer, Kazemi, Holford, and Friedman ( 18) considered that the effect could only be partly attributed to and mimicked by the release of catecholamines in an acidosis. In contrast, Spiker and Smith (27) blocked the entire increase in the K+ A-V difference across the heart by a single intravenous injection of propranolol and attributed the uptake to catecholamines alone. Because of the better correlation with the pH gradient in the present experiments, intracellular K+ in cardiac muscle would appear to be dependent not only on pH, but also in some unknown manner on pHi. An uptake
